Mature B-cell exit from germinal centers is controlled by a transcriptional regulatory module that integrates antigen and T-cell signals and, ultimately, leads to terminal differentiation into memory B cells or plasma cells. Despite a compact structure, the module dynamics are highly complex because of the presence of several feedback loops and self-regulatory interactions, and understanding its dysregulation, frequently associated with lymphomagenesis, requires robust dynamical modeling techniques. We present a quantitative kinetic model of three key gene regulators, BCL6, IRF4, and BLIMP, and use gene expression profile data from mature human B cells to determine appropriate model parameters. The model predicts the existence of two different hysteresis cycles that direct B cells through an irreversible transition toward a differentiated cellular state. By synthetically perturbing the interactions in this network, we can elucidate known mechanisms of lymphomagenesis and suggest candidate tumorigenic alterations, indicating that the model is a valuable quantitative tool to simulate B-cell exit from the germinal center under a variety of physiological and pathological conditions. 
B cell differentiation | gene regulatory networks | immunity | master regulators I mmune response to pathogens requires rapid maturation of naïve B cells into memory B cells (MCs) and antibody-producing plasma cells (PCs) in highly specialized environments of the lymphoid organs, the germinal centers (GCs). The GC comprises two different compartments, the dark zone and the light zone. In the dark zone, B cells (called centroblasts) undergo class switch recombination (CSR) and somatic hypermutation (SHM) of genes encoding the transmembrane Ig receptors, the B-cell receptors (BCRs). After a few days, B cells migrate to the light zone, where they are exposed to antigen. B cells (centrocytes at this stage) are committed to apoptosis and compete for survival and differentiation signals, which can be provided in vitro by stimulation through the BCRs and the cell-surface receptors CD40 (1, 2) . In vivo, these signals are delivered by high-affinity antigen cross-linking and T cells respectively.
Exit from GCs is tightly regulated by a small transcriptional module that integrates physiologic signals from pathways sensing antibody affinity and interactions with T cells (Fig. 1 ). An essential regulator of the GC reaction is B-cell lymphoma 6 (BCL6), a potent transcriptional repressor required for the establishment and maintenance of GCs (3) . Maturation of GC B cells toward MCs and PCs requires the down-regulation of BCL6, which is achieved in the light zone by several mechanisms. Antigen BCR activation leads to BCL6 rapid proteasomal degradation (4) . In addition, T-cell-mediated stimulation through the CD40 pathway leads to NF-κB-mediated induction of IFN regulatory factor 4 (IRF4), an essential regulator of plasma-cell development (5) . IRF4 leads to the transcriptional repression of BCL6 (6) and to the transactivation of B-lymphocyte-induced maturation protein 1 (BLIMP1) (7) , which drives the regulatory program associated with plasmacytic differentiation and Ig secretion (8) .
BCL6, IRF4, and BLIMP1 interact with each other in a tightly regulated module, responsible for both normal and aberrant dynamics of the GC physiologic development. BCL6 binds its own promoter and inhibits its own transcription, thus implementing an autoregulatory loop (9) . Furthermore, BCL6 represses several genes encoding molecules involved in the signal transduction of the BCR and CD40 pathways (10) , some of which (MAPK, NF-κB) have been shown to regulate BCL6, implying the existence of additional regulatory loops. BCL6 also prevents GC B cells from differentiating into PCs by transcriptionally repressing prdm1, the gene encoding BLIMP1 (11, 12) . Acetylation of BCL6 disrupts its transcriptional repression activity (13) , allowing the induction of BLIMP1 expression by a multifactorial mechanism that includes IRF4. In turn, BLIMP1 contributes to the silencing of BCL6 by binding to the bcl6 promoter (14) . Regarding IRF4, its expression is repressed in GCs, presumably by the MITF transcription factor (15) . In PCs, IRF4 binds to its own promoter, supporting a positive feedback mechanism by which PCs can maintain high IRF4 expression (16) .
The correct functioning of the complex circuitry underlying the B-cell maturation process is crucial for an efficient immune response, yet the molecular mechanisms governing the transition from a naive B-cell to a terminally differentiated MC and PC are poorly characterized from a quantitative perspective. To address the GC exit pathway dynamical behavior, we have developed a small, yet surprisingly complex quantitative model that elucidates the subtle mechanistic processes that make the normal Bcell development both robust and irreversible and underlie the dysregulation and block of maturation in GC-derived lymphomas.
Results

GC-Exit Pathway Model.
To understand the effect of BCR and CD40 signals on the network dynamics, we decompose the GC B-cell regulatory network into two submodules, each one associated with one signaling pathway. The corresponding kinetic models, which are discussed in SI Materials and Methods, provide a valuable framework to study GC B-cell dynamics under independent stimulation of BCR and CD40. We then consider the combined effect in physiological GC B cells.
BCR Signaling Module. We first consider a GC B-cell stimulated only by BCR signaling because of high affinity antigen binding. Steady-state exploration of the BCL6 and BLIMP1 expression levels at different levels of protein synthesis, degradation and BCR stimulation, shows that the system has a bistable regime characterized by the existence of three stationary points, two stable and one unstable. The unstable critical point cannot be observed biologically because even an infinitesimal amount of This article is a PNAS Direct Submission. 1 To whom correspondence may be addressed. E-mail: gustavo@us.ibm.com or califano@ c2b2.columbia.edu.
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noise would move the cell away toward the stable states. Thus, there are two homeostatic states: one characterized by high levels of BCL6 and low levels of BLIMP1, and another one by the opposite pattern, i.e., low levels of BCL6 and high levels of BLIMP1. Physiologically, these states represent steady-state GC B cells and PCs, respectively.
Fig . S1 shows the nullclines of the BCR module, i.e., the curves obtained by setting both the BCL6 and the BLIMP1 rates of change to zero, and the critical points, located at the intersection of the two nullclines. In the bistable regime, a hysteresis loop is established when a GC B-cell is activated through BCR signaling (Fig. S1, Inset) . Specifically, a GC B-cell stimulated via BCR starts moving down along the upper GC branch (characterized by high levels of BCL6). When the branch becomes unstable (pink points), the cell jumps to the lower PC branch (characterized by lower levels of BCL6). As BCR signaling decreases, the cell retraces its dynamics through the lower branch and jumps back to the upper branch, eventually returning to the same initial state. In the absence of additional interactions, this reversible process can be repeated many times by increasing and decreasing the BCR stimulation. Thus, in isolation, it does not explain the irreversible nature of GC B-cell maturation.
CD40 Signaling Module. To investigate the dynamics of this submodule, we assume that BCL6 is already down-regulated by independent signals and, thus, repression on the CD40 pathway has been abrogated (see corresponding kinetic model in SI Materials and Methods). Quantitative steady-state analysis shows another bistable regime that notably, depends only on a dimensionless parameter β that comprises all IRF4 kinetic parameters (Eqs. S9-S11). β has a straightforward interpretation as a measurement of the ratio of all IRF4 synthesis contributions (basal, induced, and CD40-stimulated transcription) to degradation contributions (degradation rate and dissociation constant to the IRF4 selfpromoting binding site). Fig. 2 shows the stationary expression levels of IRF4 as a function of CD40 stimulation and for different values of β. In the bistable regime, a hysteresis curve comprising two branches is observed: the lower branch corresponds to GClike steady states, whereas the upper branch accounts for PCs. At low levels of β, CD40-stimulated B cells move along the lower branch toward high IRF4 levels. Upon cessation of CD40 signals, the cells return to their initial state through the upper branch, therefore experiencing a reversible transition ( Fig. 2 A and B) . However, as the IRF4 transcription increases (corresponding to higher values of β), the higher branch will intersect the y axis, at which point the lower branch is no longer dynamically accessible and cells are permanently trapped in the PC stage even after CD40 signaling is abrogated (Fig. 2C ). Positive feedbacks have been shown to play major roles in developmental processes characterized by a point of no return (17) . In B-cell physiology, an IRF4 positive feedback loop makes the terminal differentiation into PCs an irreversible event.
The appearance of the dimensionless parameter β that governs the global dynamical behavior of the system is indicative of the critical role of IRF4 homeostatic level in the developmental pathway. Thus, independent or small coordinated changes affecting IRF4 homeostasis may disrupt normal B-cell GC exit dynamics in a similar way and induce an aberrant immune response and tumorigenesis.
Cosignaling and Irreversibility in B-Cell Differentiation. We consider now the combined effect of both signaling pathways acting together. Fig. 3 A and B show respectively BCL6 expression after BCR signaling alone and following coordinated BCR and CD40 signaling. Figs. 3C and 3D show the time-dependent signal intensity of each pathway, modeled as two partially overlapping bell curves. In our model, CD40 becomes activated some time after the initiation of BCR signaling to account for the physiological delay necessary for T cells to recognize antigen-bound B cells and to stimulate B cells. The model parameters have been After the signaling process is over, the cell reverts back to the initial GC steady state. (C) Above a critical ratio of production and degradation of IRF4, the GC state is no longer accessible and the GC B cells differentiate into a plasma cell. Therefore, the differentiation process has become a terminal, irreversible event.
fitted by using microarray gene expression data sets from normal, transformed and experimentally manipulated GC B cells and PCs (Table S1 ).
In Fig. 3A , BCL6 is degraded after BCR stimulation (arrows a-c). Degradation proceeds until a sharp reduction of BCL6 protein is observed, indicating transition to the lower branch (PC). If the CD40 pathway is inactive, however, the transition is reversible and, upon BCR signals cessation, the B-cell returns to its previous GC state, thus failing to differentiate into a PC (arrows e-g). In Fig. 3B , BCL6 is similarly degraded after initial BCR stimulation (arrows a-d); however, when the cell jumps to the PC branch, the transition is made irreversible because of the activation of the CD40 pathway. As both signals decay, the cell moves along the lower branch (arrows e-g) that leads to a PC state. Thus, cooperativity between BCR and the CD40 signaling has produced an irreversible differentiation into a PC.
A bistability-related parameter sensitivity study shows that the system exhibits the correct bistable behavior for a wide range of the parameters that regulate BCL6 and BLIMP1 dynamics. However, the parameters that regulate IRF4 expression are constrained to a small range of variation in order for the system to be bistable, according to the analytical conditions of bistability (Table S2 and Eqs. S9-S11). Fig. S2 shows a bifurcation study for BCL6, i.e., a study of the changes of BCL6 homeostatic levels as we change the values of each model parameter. The figure shows that the kinetic parameters associated to IRF4 dynamics control the bistable switch in the system. Taken together, these findings support the notion that IRF4 dynamics play a critical role in the bistable switching behavior that allows terminal differentiation of GC B cells into PCs.
Memory B-Cell Differentiation. The regulatory mechanisms that trigger GC B cells transition into the memory compartment are poorly understood. Several models have emerged over the years: Sustained exposure to CD40L has been suggested to direct GC B cells toward the memory B-cell compartment (18) ; survival in the GC has been postulated to be sufficient to allow differentiation into a memory B cell, whereas PCs would require a more-stringent affinity-based signal (19) . Recent data suggest a more dynamic model where PCs and memory B cells emerge at all stages of the GC reaction (20) . Consistent with this finding, the idea that memory B cells are stochastically selected from the pool of available GC B cells has gained support (21) .
We interrogated our GC exit model about the kinetic changes that could allow the development of a stable population of MCs, defined by low levels of IRF4 and BCL6 and lack of BLIMP1 expression. Our model suggests that abrogation of IRF4 transcriptional program after centrocyte activation may be necessary for maturation into memory B cells. Specifically, removal of the IRF4-mediated BLIMP1 activation in the model leads to a steady state after BCR and CD40 signaling that recapitulates the memory B-cell phenotype (Fig. S3 ). This observation is in agreement with experimental findings suggesting that IRF4 may not be required for memory B-cell generation (22) .
Abrogation of the IRF4 regulatory program may be achieved by different mechanisms: lowered expression levels of IRF4 binding cofactors, changes of IRF4 concentration as a result of asymmetric cell divisions or stochastic fluctuations, epigenetic silencing of IRF4 responsive elements in key target promoters, or additional unknown signals delivered at the GC. Regardless, our model suggests that small changes in the regulatory program of IRF4 are sufficient to induce a memory B-cell phenotype, further stressing the key role of IRF4 kinetics in GC B-cell development.
Comparison with Other Models in the Literature. The gene regulatory network summarized in Fig. 1 represents a minimal model that captures the complex developmental process of B-cell maturation. However, other models have been proposed in the literature, several of them aiming to address the earlier developmental decision of undergoing CSR and SHM versus progressing to further differentiation. PAX5, a transcription factor required for both the establishment of the B-cell lineage identity and the process of CSR and SHM (23), and BLIMP1 have been shown to mutually repress each other's expression in a doublenegative feedback loop (24) . This binary switch has been proposed to produce a delay in BLIMP1 induction necessary to undergo CSR (25) . Additionally, because IRF4-deficient B cells lack CSR (26) , it has been proposed that a graded expression of IRF4 controlled by the BCR signaling intensity underlies two mutually antagonistic programs, where low IRF4 levels promote CSR and SHM, and higher concentrations induce BLIMP1 transcription and PC differentiation (7, 27) . It has also been postulated that a double-positive feedback loop between BLIMP1 and IRF4 would be responsible for keeping the PC status (7).
We have investigated whether these additional regulatory interactions could potentially modify the qualitative behavior of the minimal model defined in Fig. 1 . To do so, we have defined three extended models that include the additional regulatory interactions defined above, and compare them with the minimal model ( Fig. S4 and SI Materials and Methods). The simulations run in all models show that for a broad range of biologically relevant parameters, the additional interactions of the extended models do not modify the qualitative behavior of the minimal model, as they only reinforce dynamical patterns that are already taken into account. GC-Derived Malignancies and Associated Lymphomagenic Mechanisms. The mechanisms that mediate the remodeling of antigen receptors in the GCs involve potentially mutagenic DNA doublestrand breaks and suppression of the apoptotic machinery by BCL6 (28, 29) . Failure to reactivate apoptosis upon exit from the GC has been established as a key mechanism of lymphomagenesis, and it has been specifically linked to diffuse large B cell lymphoma (DLBCL), an aggressive GC-derived malignancy that accounts for ≈35% of all non-Hodgkin lymphoma (NHL) cases. DLBCL is a heterogeneous disease with two major subtypes: GC B cell-like (GCB) subtype, characterized by an expression signature more similar to normal GC B cells, and a poor prognosis activated B-cell like (ABC) subtype, expressing genes typically induced after in vitro BCR stimulation (30) . DLBCL has been linked to an aberrant block of the GC exit program (2), among other mechanisms, via translocations of BCL6 (31, 32) and inactivation of BLIMP1 (33) (34) (35) . In addition, constitutive activation of the NF-κB pathway, which activates IRF4 in the ABC-DLBCL tumor cells (36) , is required for survival of the ABC cells (37) . Although the functional role of IRF4 in ABC-DLBCL cells remains to be fully elucidated, the IRF4-interacting factor SPIB has emerged as an oncogene in the ABC subtype, but not in the GCB (38) . The major oncogenic roles played by the key regulators of the GC exit pathway in DLBCL suggest that our model can be used for a systematic elucidation of previously identified lymphomagenic mechanisms and the determination of new candidate alterations. We define and study nine aberrant versions of the model that recapitulate the most common genetic alterations involved in DLBCL tumorigenesis. For each model, we simulate its kinetics by using parameters inferred from normal Bcell assays (SI Materials and Methods). Starting from a resting GC stage, we simulate stimulation by BCR and CD40 signals and evaluate the stability of the transition to PCs. For simplicity and because the model is not validated, we do not study exit into the memory B-cell compartment. Results are shown in Fig. 4 . Our model shows significant agreement with experimental data for samples characterized by the corresponding alteration, suggesting that the proposed regulatory model could be valuable in elucidating novel mechanisms of GC-related lymphomagenesis. Models 1 and 2: BCL6 Dysregulation. The most common genetic alterations in DLBCL affect the BCL6 promoter region and comprise mutations in the 5′ noncoding region (73% of the cases) and chromosomal translocations (45% of cases). Translocations are more frequent in the ABC-DLBCL (2), where the rearrangement breakpoints cluster within the promoter region and result in constitutive BCL6 expression (31, 32) . Mutations in the BCL6 autoregulatory elements are almost exclusively seen in the GCB subtype (39) and may be responsible for the inactivation of the BCL6 negative regulatory circuit (9, 40) . Somatic mutations in the regulatory region may also prevent IRF4-mediated downregulation (10) . This possibility will be explored in model 3.
The inactivation of BCL6 autoregulation is seen in many DLBCL cases but not in other GC-derived NHL (9) which suggests a DLBCL-specific regulatory mechanism. To better understand the mechanistic role of BCL6 self-regulation in lymphomagenesis, we define model 1 (Fig. 4A) , where negative autoregulation of BCL6 is abrogated. We complement it with model 2, where BCL6 is constitutively expressed. Models 1 and 2 recapitulate the BCL6 alterations of the GCB and ABC subtype respectively. Specifically, in model 1 we eliminate the Hill function associated with BCL6 selfrepression (Eq. S2), whereas in model 2 we increase BCL6 basal transcription by 10-fold. All other parameters are unchanged. Fig. 4 B and C show numerical simulations run in both models. As expected, both models show up-regulation in the levels of BCL6 expression; however, the increase is much more pronounced in model 1 where it reaches levels 20-fold higher than normal cells, compared with a more modest fourfold increase in model 2. The key difference between these models is the robustness of BCL6 overexpression in model 1, where the levels of BCL6 are virtually unaffected by BCR and CD40 signals. In this model, high expression of BCL6 prevents transcriptional activation of IRF4 and BLIMP1 after physiologic GC signals and, thus, locks the cell in a GC stage where it may accumulate additional mutations over time. Conversely, model 2 shows a phenotype intermediate between GC and PC, more consistent with the ABC-DLBCL subtype that often shows coexpression of BCL6, IRF4, and BLIMP1. In this pathogenic scenario, some cells may be stochastically selected to leave the GC, whereas the cells left in undifferentiated states may contribute to lymphomagenesis because of additional mutations acquired at the GC.
Model 3: Loss of IRF4-and BLIMP1-Mediated Transcriptional Silencing of BCL6. The BCL6 promoter is rich in IRF4-binding sites, which make this interaction prone to dysregulation in DLBCL. Chromosomal translocations and mutations can disrupt the IRF4-responsive region in the BCL6 promoter and block its down-regulation after CD40 signaling (6) . Complete or partial inactivation of CD40-mediated IRF4 regulation of BCL6 expression affects predominantly the ABC subtype.
This pathogenic scenario can be modeled by eliminating the Hill function associated with IRF4-mediated repression of BCL6 (Eq. S2). Simulations do not show a significant change in expression levels in any of the three proteins before or after stimulation. Similar results are obtained when BLIMP1-mediated BCL6 repression is dysregulated. We then analyze the simultaneous loss of IRF4-and BLIMP1-mediated BCL6 repression (model 3), leading to an unexpected synergistic interaction (Fig. 4D ) that abrogates BCL6 repression and prevents BLIMP1 up-regulation. The redundancy in gene regulation makes the system robust against losses of individual BCL6 repression by either BLIMP1 or IRF4 but not both. This robustness seems necessary to counter the high incidence of mutations targeting the regulatory elements in the BCL6 promoter during the physiological process of SHM.
Models 4-7: Mutations Targeting BLIMP1. A vast majority of ABC-DLBCL malignancies fail to express a competent BLIMP1 protein despite normal IRF4 expression. BLIMP1 function is dysregulated by multiple mechanisms in ≈53% of ABC-DLBCL, including inactivating mutations (33, 34) , transcriptional repression by constitutively active BCL6, and mutations affecting the protein stability and its transrepression activity (35) . It has also been suggested that BCL6 may prevent high-affinity DNA binding by IRF4 and/or maintain IRF4 in an autoinhibitory state (41), preventing IRF4-mediated BLIMP1 activation. Furthermore, an additional fraction of ABC-DLBCL cases fails to express BLIMP1 at the protein level, despite normal prdm1, irf4, and bcl6 gene function, suggesting additional posttranscriptional and posttranslational mechanisms (35) . Models 4-7 explore different mechanisms of BLIMP1 inactivation (Fig. 4A) , including loss-of-function mutations (model 4), transcriptional silencing by BCL6 (model 5), impairment of IRF4-mediated BLIMP1 activation (model 6), and mutations leading to an increased turnover of BLIMP1 protein (model 7). The latter also recapitulate posttranscriptional inactivation by microRNA. Analysis of these models after BCR and CD40 signaling consistently shows that BLIMP1 protein expression levels fail to reach the normal levels necessary for PC differentiation. For instance, Fig. 4E shows model 7 dynamics, where a fivefold increase of BLIMP1 turnover results in BLIMP1 protein levels comparable to those of normal GC B cells before BCR and CD40 activation. A hallmark of ABC-DLBCL is constitutive activation of the NF-κB pathway (37) . ABC cells often harbor point mutations targeting genes involved in the regulation of NF-κB, leading to its constitutive activation (42, 43) . In some ABC cell lines, BCR is also found to be chronically activated by somatic mutations, leading to NF-κB activation through a different pathway (44) .
Model 8 explores constitutively activation of the NF-κB pathway. NF-κB activation induces enhanced transactivation of IRF4 in ABC-DLBCL cell lines (6, 36) . We simulate this effect by a 10-fold increase in IRF4 transcription rates. In our model, this change accelerates GC B-cell differentiation toward the PC compartment (Fig. 4F) by rapidly achieving post-GC levels of BLIMP1 and IRF4. Although higher levels of IRF4 may lead to premature GC exit before completing affinity maturation, our model suggests that this mechanism is not sufficient for tumorigenesis and would require additional mutations to be pathogenic. Whereas NF-κB may promote lymphomagenesis by providing antiapoptotic and proproliferative signals, our model suggests that its role is mostly associated with tumor subtype progression rather than with initiation, as also suggested by the fact that NF-κB activation is frequently associated with BLIMP1 mutations in ABC-DLBCL (33, 35) .
Simultaneous dysregulation of both CD40 and BCR pathways is observed in some ABC-DLBCL cases. Model 9 explores this situation. Similar to the previous case, the cell acquires an early terminally differentiated phenotype. However, this time the cell is characterized by the near-total absence of BCL6 expression, because of the combined effect of BCR-promoted degradation and CD40-mediated transcriptional silencing by IRF4.
Discussion
We have developed a kinetic model to quantitatively characterize B-cell exit from the GC phase and terminal differentiation into plasma and memory B cells.
In mature B cells, our model predicts the existence of two different hysteresis cycles associated to the BCR and the CD40 signaling pathways. Cooperativity between these two signaling events ensures the correct maturation into a terminally differentiated Bcell. This finding suggests a variety of experimentally testable hypotheses aimed at determining the minimum duration of BCR signals necessary to induce a preplasma-cell state, and persistence of this state in the absence or presence of additional CD40 signals. Although the model is not complete because it does not include all regulators and signals contributing to B-cell maturation, its power lies in its minimality: Comprising only three key gene regulators and two signaling pathways, the model can recapitulate the normal and pathological GC B-cell exit and, furthermore, it can elucidate a variety of mechanisms, leading to partially or fully incompetent immune response after antigen presentation.
At the molecular level, the stimulus response of IRF4 plays a central role in the differentiation pathway. The kinetics of the differentiation module is controlled by a dimensionless parameter β that accounts for the homeostatic level of IRF4. Low levels of β keep the cell in the GC stage, whereas an increase prompts the cell toward the PC fate, where it is prevented from dedifferentiating by a self-positive regulatory loop on IRF4. Interestingly, our model suggests that the correct differentiation process behavior is very sensitive to small changes in the parameters incorporated in β, i.e., the parameters that regulate IRF4 dynamics. During the normal development of a GC B cell, β is increased only through the CD40-mediated stimulation of IRF4, but a variety of tumorigenic alterations may directly or indirectly target IRF4 expression or protein stability. For instance, after an aberrant change in the IRF4 self-induced transcription rate, GC B cells lose the ability to transit through the normal developmental pathway and become prematurely locked into the GC or PC state (Fig. S5) . Supporting this idea, constitutive high expression of IRF4 due to an aberrant regulatory network is observed in multiple myeloma, a malignancy of PCs (16) . Conversely, we hypothesize that mutations in the IRF4 promoter site that abrogate the IRF4 self-binding site could prevent GC B cells from fully differentiating into PCs. IRF4 could also play a role in directing cells toward the memory B-cell compartment. Abrogation of IRF4-mediated BLIMP1 activation in our model leads to an irreversible state that closely recapitulates the memory B-cell expression signature. This experimentally testable hypothesis suggests that IRF4 could be a master regulator whose expression levels and regulatory interactions direct GC B cells maturation into either memory B or PCs, possibly as a result of stochastic fluctuations of the levels of these proteins in individual cells.
We have also explored the impact of some of the most common genetic aberrations in DLBCL, a GC-derived malignancy where BCL6 and BLIMP1 alterations play a key role. Our model shows that abrogation of the self-regulatory loop of BCL6 has a very strong impact in the dynamical evolution of the cell, resulting not only in an increased expression of BCL6 but also in the cell's inability to respond to differentiation signals, which could explain the high incidence of DLBCL cases that bypass the autoregulatory circuit. Additionally, the BCL6 promoter region is particularly prone to mutations and chromosomal rearrangements that can result in the loss of transcriptional interactions aimed at silencing BCL6. Our model shows that B cells can still undergo normal differentiation after losing either IRF4-or BLIMP1-mediated repression of BCL6, but not both of them.
Our model also shows that mutations or alteration targeting the expression of BLIMP1 have a drastic impact in the production of competent BLIMP1 protein and seriously compromises the cell's ability to exit the GC stage. A cell blocked in the GC is potentially exposed to additional genetic stress (e.g., DNA double-strand breaks through SHM), whereas DNA-break sensing genes, most notably p53, are transcriptionally silenced by BCL6 (28) , therefore greatly increasing the risk of acquiring unchecked additional tumorigenic lesions (2) . We have also explored the importance of the malfunction of additional signaling pathways recently reported in the literature. Alterations of the NF-κB or of the BCR signaling pathway aberrantly accelerate transition toward a terminally differentiated stage, but do not appear to block differentiation. When these are combined with additional mutations targeting the GC exit pathway, such as BLIMP1 inactivation, those alterations can increase tumorigenesis by further repressing apoptosis and increasing cell proliferation.
Materials and Methods
The kinetics of the GC exit pathway gene regulatory module was modeled by using ordinary differential equations. The time course simulations and the bifurcation analysis were performed by using Matlab and the Matcont continuation package for Matlab, respectively. Model parameters we estimated by using microarray gene expression datasets from normal, transformed, and experimentally manipulated human B cells related to the GC reaction (GEO accession no. GSE12195), and gene expression profiling of B lymphocytes and PCs (GEO GSE6691). Additional information can be found in SI Materials and Methods.
